Different procedures can be used to evaluate therapeutic effects. FDG follow-up studies are used to assess early effects and to predict long-term response. Pharmacokinetic studies of labeled therapeutic agents such as F-18-fluorouracil or C-11-ethanol provide exclusively quantitative data about transport and elimination of a drug. PET with labeled cytostatic drugs permits a prognosis prior to onset of chemotherapy. This procedure is recommended for monochemotherapy. In patients receiving polychemotherapy, the evaluation of different resistance mechanisms is needed and new approaches using suitable substrates, e.g., for the P-glycoprotein, are being developed or are already in use for scientific purposes.
INTRODUCTION
One major improvement in the management of oncological patients was the routine use of cross-sectional imaging methods for both tumor diagnosis and therapy planning. Ultrasound (US), computed tomography (CT) and magnetic resonance imaging (MRI) provide morphological information about a mass. The information about location, size, and infiltration is important for an accurate assessment of tumors and metastases. However, less attention has been given to the development of noninvasive methods of quantifying functional parameters in patients. Nuclear medicine procedures are primarily suitable for evaluating functional data on the basis of radiolabeled compounds. Positron emission tomography (PET) is one technique that has the potential to yield the physiologic information necessary for the diagnosis of tumors based on increased regional metabolism, and also to serve as a valuable tool for monitoring chemotherapeutic effects and the early diagnosis of tumor recurrence [1] .
PET studies of tumors can be performed to gain qualitative and quantitative data for several reasons:
v Quantification of tissue perfusion v Evaluation of tumor metabolism v Transport of amino acids v Tracing of radiolabeled cytostatic agents Nuclear medicine procedures demand the use of radioactive isotopes and labeling of pharmaceuticals. Different radiopharmaceuticals were used for patient examinations ( Table 1) .
One of the most commonly used tracers for oncological examinations is F-18-deoxyglucose (FDG), a glucose analog. FDG is transported and phosphorylated like glucose but then trapped in the cells. Due to the very slow dephosphorylation rate, PET imaging can be performed for a certain time interval to evaluate the regional metabolism.
The new PET scanners are based on a block detector design and provide an axial field of view (FOV) of at least 10 cm. Two PET systems, GE-Scanditronix PC-2048-7WB and Siemens ECAT HR+, which provide an axial FOV of 3.5 cm and 15.2 cm, respectively, are in use for patient studies at our institution. Up to 63 cross sections can be reconstructed from the dynamically acquired data. The most commonly used isotopes are O-15 (half life 2 min), C-11 (half life 20 min) and F-18 (half life 110 min). Perfusion measurements are routinely performed with H 2 15 O, which is an inert tracer with free distribution between blood and tissue. A dynamic study is performed after intravenous tracer injection, and data are acquired for up to 10 min. FDG is the most commonly used tracer for metabolic studies. Dynamic studies up to 60 min as well as static acquisitions more than 30 min following tracer application are performed. Wholebody acquisition protocols are used in some patients if larger areas must be examined. Radiolabeled cytostatic agents are limited to a small number of compounds. We use F-18-fluorouracil (F-18-FU) in patients with metastatic colorectal tumors to evaluate the flourouracil (FU) pharmacokinetics and to predict response to chemotherapy. Dynamic data acquisitions are performed up to 120 min following a short 12-min F-18-FU infusion. Cross sections can be reconstructed using the standard filtered backprojection method implemented in the system or, as in most of the patients, using a new iterative reconstruction technique based on the work of Kontaxakis et al. [2] . The quantitative evaluation is performed with a region-of-interest (ROI) technique, and standardized uptake values (SUV) are calculated according to [1] :
The SUV is a distribution parameter reflecting the accumulation of a radiopharmaceutical in tissues. A value of 1.0 SUV represents a homogenous distribution, while values exceeding one reflect enhanced tracer uptake in the tissue. In selected cases, parametric images of the transport and influx of radiopharmaceuticals are calculated to support the evaluation of PET studies.
TECHNICAL ASPECTS
Whole-body studies are generally helpful for the initial evaluation of patients and to detect unknown malignant lesions. However, the whole-body technique is limited to the qualitative assessment of the images, because transmission data are not acquired and the emission data cannot provide reconstructed cross sections with acceptable image quality. This can raise problems for therapy follow-up studies as well as for the differentiation between residual tumor tissue and scar tissue due to the lack of quantitative data. Therefore, in most of the patients, we perform transmission measurements prior to the dynamic and/or static acquisition of emission data. Another important parameter for lesion detectability is the applied image reconstruction algorithm. The standard filtered backprojection method is limited by noise in lowcount rate studies as well as sever artifacts if localized high tracer concentrations are present in the target area (e.g., kidney, bladder). We found a significant improvement in the image quality when the iterative method was used for the reconstruction [2] (Fig. 1) .
DIAGNOSTIC ASPECTS
One major problem in oncological patients is accurate initial staging. While morphological methods such as CT and MRI are commonly used to achieve a classification according to the TNM system, PET can help to improve the staging accuracy by limiting the number of false negative results. The use of PET in patients with brain tumors was one of the first applications of this method. FDG can help to differentiate low-grade from high-grade brain tumors, as shown by Delbeke et al. [3] . The sensitivity and specificity were 94% and 77%, respectively, when a tumor-to-white-matter ratio of 1.5 was chosen. Due to the low FDG accumulation in lowgrade lesions, multitracer PET studies with radiolabeled amino acids such as C-11-methionine [4] or C-11-tyrosine [5] can be useful for the improvement of the detectability of low-grade brain tumors. 382 PET Diagnosis and Therapy Monitoring 
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Following the application in brain tumors, PET found increasing interest for studies of malignancies in the wholebody area (Fig. 2) . It is known from the results of several groups that compared the staging of bronchogenic carcinoma with CT or MRI with the histological results that morphologic methods provide a sensitivity of 25%-71% for lymph node metastases and 52%-80% for the accurate description of the primary tumor [6] [7] . We evaluated the tumor staging with CT alone and CT+PET in 20 patients with malignant lung tumors, and compared the T-classification with the surgical results. In 8 of 20 patients, a correct change of the T-staging was initiated based on the PET results [1] . Lewis et al. evaluated 34 patients with non-small cell lung cancer preoperatively and found a change in therapy management in 41% of the patients [8] . Wahl et al. noted an improvement of both sensitivity and specificity when the staging was compared in 23 patients with non-small cell carcinomas [9] .
The whole-body data acquisition is a common procedure for viewing tumorous lesions in the whole-body area, which is helpful for the initial staging of malignant lymphomas. Bangerter et al. evaluated the PET data in 58 patients with malignant lymphomas and found a sensitivity of 98% and specificity of 95% [10] . Comparable data are reported for malignant melanomas [11] , colorectal carcinomas [12] , head and neck tumors [13] , sarcomas [14] , breast carcinomas [15] , and pancreatic carcinomas [16] . Furthermore, PET with FDG can be helpful for the classification of solitary lesions, as demonstrated by Dewan et al., for pulmonary nodules [17] . Eli et al. noted in malignant melanomas a higher FDG uptake for metastases from nodular melanomas (median value for 54 lesions: 4.63 SUV) than metastases from superficial-spreading malignant melanomas (median value for 119 lesions: 2.24 SUV) [18] .
The sensitivity and specificity of FDG-PET depends, among other factors, on the lesion location [19, 20] . According to our data, PET with FDG was of limited value for the differentiation of unknown masses of the kidney due to the high-normal tracer accumulation in the renal parenchyma. The differentiation of small ovarian tumors can be difficult due to the FDG uptake in normal structures within the target area. Furthermore, highly differentiated hepatocellular carcinomas cannot be delineated from the normal liver parenchyma due to a liver-equivalent FDG uptake. Increased tracer uptake in normal structures may raise problems, e.g., in the diagnosis of prostatic cancer [21] . The differentiation of small lesions, e.g., involved normal-sized lymph node metastases located in metabolically active tissue, can also raise problems [22] . Submandibular lymph node metastases cannot always be delineated due to the normal FDG uptake noted in the glands. According to our data in lymphoma patients, the diagnosis of normal-sized mediastinal lymph node metastases is no major problem since 90% of the involved lesions demonstrated a higher FDG uptake than the background activity in the mediastinal vessels [23] .
Another limitation of the PET FDG studies is the differentiation between inflammation and viable tumor tissue [24] [25] [26] . It is known that acute inflammatory processes demonstrate a comparable high FDG uptake and cannot be differentiated from viable tumor tissue [27] [28] . Experimental studies with FDG and H-3-deoxyglucose in tumor-bearing mice using the microautoradiographic technique demonstrated that 29% of the measured FDG uptake in a tumor lesion is due to inflammatory or other benign elements such as granulation tissue and macrophages. According to our preliminary data using multitracer PET studies in patients with inflammatory masses, liver tumors, colorectal tumors, soft-tissue sarcomas and lymphoma recurrences, a specific marker of the A-type amino acid transport, the C-11-aminoisobutyric acid (C-11-AIB), did not show any accumulation in the inflammatory lesions. In contrast, an increased AIB uptake was noted for the soft-tissue sarcomas and the colorrectal tumors but not for the Hodgkin's and the nonHodgkin's recurrences. A combination of C-11-AIB with F-18-FDG may help differentiate inflammatory lesions from viable tumor tissue. However, more data are needed to evaluate the multitracer approach for clinical use.
THERAPY MANAGEMENT

Diagnosis of Viable Tissue Following Treatment
The differentiation of benign structures from residual or recurrent tumor tissue can be significantly improved by the application of metabolically active tracers (Fig 2) . Kahn et al. compared the diagnosis of recurrent brain tumors with TI-201 single-photon emission tomography (SPECT) and FDG PET in 19 patients and noted a sensitivity of 69% for SPECT and 81% for PET when lesions greater than 1.6 cm were studied [19] . According to our results, PET with FDG should find preferential use in these patients due to the improved detection of small lesions and the ability to quantify the tumor metabolism.
One of the most common tumors in the whole-body area is colorectal carcinoma. Follow-up studies with CT have shown that the early detection of tumor recurrence is a major problem in the treatment of these patients. Therefore, FDG was used for the differentiation of recurrent tumor and scar tissue [20] . The results obtained in 30 patients with a recurrent tumor and 13 patients with scar tissue demonstrated both a high sensitivity (true positive: 29/30 patients) and specificity (true negative: 13/13 patients). The mean SUV 60 min after FDG application for the recurrent tumors was more than twice as high as in normal soft tissue. Beets et al. used the wholebody technique in 35 patients with metastatic colorectal cancer and found that the treatment management was affected in 14/35 patients [21] .
The diagnosis of viable tumor tissue after first-line chemotherapy was investigated in patients with Hodgkin's (HL) or non-Hodgkin's lymphomas (NHL) [22] [23] . Since approximately 30% of these patients are likely to have a relapse, PET can help to identify non-responders to support early second-line chemotherapy. Dimitrakopoulou-Strauss et al. evaluated 114 lesions in 46 patients with recurrent malignant lymphomas and noted that PET was able to detect more than 90% of all tumor lesions [22] . The second-line treatment is based on high-dose chemotherapy, followed by blood stem cell support if a patient fulfills the response criteria. The treatment was changed on the basis of the PET results in four of the 46 patients due to the presence of scar tissue or inflammatory lesions [22] . Therefore, a decrease in life quality for the patients was avoided and treatment costs were saved (more than $60,000 total cost for the treatment of each patient).
The PET FDG method can be used in a variety of other tumors to detect recurrent malignancies. The sensitivity and specificity exceeds 90% in most of the studies. Patz et al. quantified the FDG accumulation, were able to detect recurrent bronchogenic carcinomas, and could differentiate them from fibrosis [24] . Comparable data are reported from Garcia et al., who evaluated recurrent musculoskeletal sarcomas and found a sensitivity of 98% and specificity of 90% [25] . Recurrent head and neck tumors were evaluated by Lapela et al. [26] . The data obtained in 15 patients yielded a lower sensitivity of 88% and specificity of 86%. According to our experience, the data for sensitivity and specificity are dependent on several parameters, such as tumor type, tumor location, inflammatory reactions, previous treatment, and nonspecific treatment effects. Romahn et al. evaluated the FDG uptake prior, during and after radiation therapy in 14 patients with colorectal carcinoma, and found a false positive rate in 7/14 [27] . PET was found not to be helpful for the detection of viable tumor tissue within six months 384 PET Diagnosis and Therapy Monitoring after commencement of radiotherapy [28] . In contrast, no major problems exist for the detection of viable tumor tissue in most of the patients undergoing chemotherapeutic treatment.
Evaluation of Treatment Effects
Early Therapeutic Effects During Chemotherapy
The PET protocols used for the evaluation of treatment effects are mainly dependent on the chemotherapeutic treatment protocol used in the individual patient. In some tumor types, early PET follow-up studies within the first chemotherapeutic treatment may be helpful for individual treatment planning. It was possible to demonstrate changes in FDG metabolism within two days following fotemustine therapy in patients with malignant melanomas [29] . Similar results were obtained for the combined treatment protocols with dacarbazine/alpha-interferon (Fig. 3) . However, PET follow-up studies with larger patient collectives are required to establish the use of PET with FDG for the evaluation of early therapeutic effects.
Evaluation of Chemotherapy Within One to Three Treatment Cycles
One standard approach is the quantification of tumor metabolism prior to the first and immediately prior to the second chemotherapeutic cycle. This protocol was evaluated in patients with head and neck tumors [30] [31] . The change in FDG uptake was highly correlated for both primary tumors (r = 0.98) and lymph node metastases (r = 0.94). Furthermore, a higher FDG accumulation prior to chemotherapy was associated with a higher decrease in tumor volume. This was not observed in other tumors, such as malignant melanomas and lymphomas [18] . Wahl et al. evaluated the change in regional tumor metabolism in patients with breast cancers during the first three cycles of chemotherapeutic treatment and noted a rapid decrease in tumor metabolism after effective treatment, with the reduction of FDG accumulation antedating the decrement in tumor size [32] . Non-responding patients showed no significant decrease in FDG uptake as measured by SUV after the end of three cycles of treatment. Our data obtained in several different tumor types (lymphomas, head and neck tumors, melanomas, lung tumors) gave evidence that PET FDG studies prior to and within at least three chemotherapeutic cycles are likely to identify those patients who will not respond to treatment. In contrast to the continuous increase of the metabolism, a decrease in tumor metabolism may only be intermediate and is not a reliable parameter for a complete response to treatment. Comparable findings are reported by Tilgen et al. for melanomas [29] .
While a decrease or increase of regional tumor metabolism can be associated with response or non-response to therapy, respectively, we noted a third pattern in some patients with small-cell lung carcinomas [1] . An intermediate decrease of tumor volume was associated with an unchanged tumor metabolism during chemotherapeutic treatment, followed later on by a final progression of the tumor volume. It is well known that tumor parenchyma can consist of non-resistant and resistant tumor fractions. When chemotherapy is initiated, the total tumor volume may decrease due to the therapeutic effect on the non-resistant part of the tumor. However, later on a progression is noted due to the increase in the number of resistant tumor cells. Therefore, a decrease in tumor volume with unchanged tumor metabolism may indicate the presence of resistance to the chemotherapeutic agents used for treatment. 
Prediction of Long-Term Response
While short-term therapeutic effects can be assessed with PET and FDG, it is a difficult task to predict long-term therapeutic outcome on the basis of PET follow-up studies. It was shown that the calculation of the standard integral uptake SIU = is correlated with therapy outcome [22] . The authors were able to predict complete response, stable disease, and progressive disease based on SIU and the use of at least three PET FDG followup studies prior to and during treatment [22] . Further studies in other tumors are planned to validate this procedure.
Evaluation of Radiation Therapy
Experimental studies have shown that radiation therapy activates several repair systems. Upon exposure to radiation treatment, cells can be damaged either by direct or indirect effects, which results in DNA damage. Some of the biochemical pathways involved in the repair of the radiation damage are known to be energy-dependent. Therefore, the accumulation of FDG can be enhanced following radiotherapy. PET FDG studies in patients with colorectal recurrences receiving radiation therapy demonstrated that the FDG uptake may be increased up to several months following treatment [27] . While the tumor metabolism is likely to decrease continuously during radiation therapy, FDG accumulation increases with time due to secondary reactions. At the moment, FDG PET can be used in selected cases if a therapeutic alternative is discussed after completion of radiation therapy [28] .
Pharmacokinetics of Radiolabeled Drugs
While the evaluation of treatment effects requires at least two PET studies of the tumor metabolism, only one study with a radiolabeled drug is needed to evaluate the possible effect of the chemotherapeutic agent in the target area. However, labeling of cytostatic drugs is generally more difficult than labeling of metabolically active tracers. Therefore, only limited data exist about PET and radiolabeled drugs [33] [34] . Ginos et al. evaluated the distribution of N-13-cisplatinum in brain tumors [33] . However, the short half life of N-13-cisplatinum (t 1/2 = 10 min) limits tracer retention studies. Furthermore, it is still unknown if the label remains on the cytostatic drug during the PET examination. Diksic used C-11 labeling and studied the distribution of BCNU and SarCNU in brain tumors following regional drug application [34] . The most extensive patient studies were preformed with F-18-FU. Dimitrakopoulou et al. evaluated the regional pharmacokinetics of F-18-FU in 78 metastases following a short intravenous infusion of the tracer and nonlabeled FU [35] . The accumulation of the cytostatic drug was low in metastases, and about one-third of the concentration measured in the normal liver parenchyma. The F-18-FU uptake in the liver metastases is associated with therapy outcome [36, 37] . Therefore, PET studies with F-18-FU prior to initiation of chemotherapy can be used to predict therapy outcome. Furthermore, the advantage of modulated treatment protocols can be compared on the basis of F-18-FU uptake measurements to optimize the individual treatment protocol.
Besides F-18-FU, C-11-ethanol was used to evaluate the effect of the intratumoral therapy in patients with hepatocellular carcinomas [38] . The radiolabeled ethanol was administered together with non-labeled ethanol via a puncture needle positioned under sonographic guidance. A dynamic PET study was acquired, beginning with the application of the tracer. The data show that PET can provide information about the distribution and retention of the therapeutic drug (Fig 4) . The data evaluation using spectral analysis showed a heterogeneous distribution of the ethanol in the tumor area without a significant washout. An elimination of the agent can be detected with PET even shortly after the tracer application, and therapy may be changed in the individual patient.
CONCLUSIONS
Metabolic PET studies, which are performed with FDG at most institutions, are gaining increasing importance for both initial tumor staging and the detection of tumor recurrence. However, we feel that PET should find preferential use as a second-line method when morphological procedures are inconclusive and a therapeutic decision cannot be made with the required accuracy on the basis of the morphological procedures alone. Within these limits, PET can improve the T-and N-staging of tumors. The detection of residual tumor tissue is important, e.g., for malignant lymphomas to direct the patients to a second-line treatment in an early phase. PET studies with FDG help to identify recurrent tumor tissue with a high diagnostic accuracy, e.g., in colorectal tumors, sarcomas and lung tumors. Studies with radiolabeled cytostatic agents such as F-18-FU and other tracers are limited to some centers due to the availability of these compounds. F-18-FU can be used in the individual patient when data about the possible response to treatment are required for therapy management. PET studies for the evaluation of different resistance mechanisms, such as multidrug resistance using suitable substrates labeled with a positron emitter, are planned for the near future for further optimization of therapy monitoring with PET.
